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a  b  s  t  r  a  c  t
Nickel  nanowires  (Ni NWs)  have  great  potential  to be  used  as  a living  cell manipulation
tool  and  developed  into  an  anticancer  agent.  However,  their  candidacy  as  biomedical  appli-
ances need  detailed  human  cell  studies,  such  as  study  of the  interaction  between  Ni NWs
and tumor  cells.  The  present  study  investigated  the  cytotoxicity  of Ni  NWs  in  HeLa  cells.  A
dose-dependent  inhibition  of cell growth  was  observed  by  using  the  MTT  assay.  We  demon-
strated  that  Ni NWs  induced  oxidative  stress  by  generation  of  reactive  oxygen  species  (ROS).
Apoptosis  induction  was  evidenced  by ﬂow  cytometry,  annexin  V binding  assay  and  DAPI
staining.  DNA  ﬂow  cytometric  analysis  indicated  that  Ni  NWs  signiﬁcantly  increased  the
percentages  of  cells  in  S phase  compared  with  control  cells.  This  process  was  accompa-
nied  by the loss of mitochondrial  membrane  potential.  These  results  revealed  that Ni NWs
induced  apoptosis  in HeLa  cells  via  ROS  generation  and  cell  cycle  arrest.
© 2014  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is  an  open  access  article  under
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One-dimension magnetic metallic nanowires have
received considerable attention in nanobiomedicine given
its  outperformance in nanobiotechnology [1–4]. Among
a  variety of nanowires, nickel nanowires (Ni NWs) have
shown advantages for bio-application. Ni NWs  have great
potential to become a living cell manipulation tool because
it  can be easily internalized by cells and used to separate
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ells [5–7]. In addition, Ni NWs  could be an anticancer agent
hat  induces tumor cell death [8]. However, the effects of
i  NWs  on tumor cells and possible health risks have not
een  fully evaluated.
Oxidative stress mediated by reactive oxygen species
ROS) is a key mechanism for the cytotoxicity of nano-
aterials [9,10] and is one of the essential mechanisms
hat cause cell apoptosis. Excessive ROS can induce DNA
amage, which results in cell cycle arrest for DNA repair
11,12]. If the DNA damage cannot be repaired, the cell
s  eliminated through apoptosis [13,14]. ROS can also
nduce disruption of the mitochondrial membrane poten-
ial  (MMP)  and release of cytochrome c from mitochondria
nto the cytoplasm, where cytochrome c initiates a cas-
ase  cascade that terminates cell by causing apoptosis
15,16].
Ni NWs  are ﬁber-shaped nanomaterials. The length of
ber  was deemed to be a critical factor in determining
ytotoxicity of the ﬁber. The cytotoxicity of many ﬁbrous
aterials has been reviewed in detail [17]. In general,
ong ﬁber was more toxic than short ones. Previous study
eported that the cytotoxicity of long Ni NWs  (∼20 m)
as  signiﬁcant in THP-1 cells [18]. For biomedical appli-
ation, the length of NWs  should be short, and, therefore,
he short Ni NWs  (∼1 m)  were prepared and their cyto-
oxicity was evaluated in the present study. We chose
eLa cells, one of the most commonly used tumor cells,
s  a model to investigate the cytotoxicity of Ni NWs. The
ytotoxicity of the short Ni NWs  was indeed lower than
hat  reported for the longer ones (20 m).  However, with
he  increased concentration of short Ni NWs, cytotoxic-
ty was also detected. We  showed that the short Ni NWs
an  induce oxidative stress, cell cycle arrest, mitochon-
rial depolarization and cell apoptosis in HeLa cells. These
esults  suggested that making Ni NWs  short can reduce
ytotoxicity, but short Ni NWs  also exhibit cytotoxicity in
 dose-dependent manner. This work may  have important
mplications when considering the hazard posed by Ni NWs
nd  their regulation for bio-application. This preliminary
tudy also provides insight into the apoptotic cell death
nduced by Ni NWs  in HeLa cells and suggests possible cel-
ular  mechanisms involved for the ROS-mediated oxidative
tress.
.  Materials and methods
.1.  Preparation and characterization of Ni NWs
Ni NWs  were prepared by electrodeposition in the
anopores of the anodic aluminum oxide (AAO) tem-
lates. The AAO templates were prepared by means of
ne-step electrochemical anodization followed by a volt-
ge  decreasing process [3]. Brieﬂy, the 99.999% aluminum
oil  was anodized in 0.4 M H2C2O4 aqueous solution under
 constant voltage of 40 V for 5 h at 0 ◦C. Subsequently the
oltage  was reduced from 40 V to 10 V at a rate of 1.0 V/min
n  order to make the oxide barrier layer thinner at the
ottom. The Ni NWs  electrodeposition was performed in
20  g/L NiSO4·7H2O, 45 g/L H3BO3, and 17 g/L (NH4)2SO4,
sing an applied alternative current voltage of 10 V. After
eposition, the remaining aluminum was removed by ats 1 (2014) 114–121 115
HgCl2 aqueous solution. The template was dissolved in 1 M
NaOH  aqueous solution, and the NWs  were suspended in
the  solution. Once in suspension, the wires were collected
with a magnet and washed with redistilled water until the
pH  was neutral.
The  morphology of Ni NWs  was  observed by scanning
electron microscope (SEM, JEM-2100, JEOL Ltd. Japan). Ele-
mental  composition of Ni NWs  was analyzed by energy
dispersive spectrometers (EDS). Samples for EDS were
mounted on a carbon-coated-copper grid.
2.2. Cell culture and treatment of Ni NWs
HeLa cells were obtained from the American Type Cul-
ture  Collection (ATCC) (Manassas, VA). HeLa cells were
cultured in DMEM (Hyclone, USA) medium supplemented
with 10% fetal calf serum (Hyclone, USA) and 1% peni-
cillin and streptomycin (Hyclone) at 37 ◦C. These cells were
placed  under a humidiﬁed atmosphere of 5% CO2. For all
experiments, cells were seeded to provide experimental
stage 80% conﬂuence in 6-, 24-, or 96-well plates and
grown for 24 h. The Ni NWs  were diluted in DMEM medium
and  mixed thoroughly. The concentration of Ni NWs  was
deﬁned  as the number ratio of Ni NWs  to cell instead of the
common  mass concentration. To calculate the total num-
ber  of Ni NWs, the mass was divided by the average mass
of  a single NW.  The mass of a single wire was determined
by the density of Ni (8.90 g/cm3) multiplied by the aver-
age  volume of a single Ni NW.  Upon reaching 80% adherent
conﬂuence, cells were treated with appropriate concentra-
tions of Ni NWs  suspended in cell culture medium with 10%
serum  for the desired time.
2.3. MTT assay
MTT  [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide] assay was performed to evaluate
cell growth inhibition. Cells were treated with Ni NWs  at
various  concentrations for 24 h. After 24 h of incubation,
suspension medium was replaced and 25 l MTT  (5 mg/ml
in  PBS solution) was  added into each well. After 2 h of
incubation, culture supernatants were aspirated, and
purple  insoluble MTT  product was  re-dissolved in 100 l
SDS-DMF  (20% SDS mixed in 50% DMF) for an additional
6 h incubation. The concentration of the reduced MTT in
each  well was  measured at 570 nm using a micro-plate
reader. Cell viabilities were presented as the percent-
age of the absorbance of Ni NWs-treated cells to the
absorbance of non-treated cells and plotted against Ni
NWs  concentration.
2.4.  DAPI staining
HeLa  Cells were treated with Ni NWs  at the concen-
tration of 10,000 NWs  per cell for 24 h. 50 g/mL DAPI
(Beyotime, Shanghai, China), a DNA-speciﬁc ﬂuorescent
dye, was  added to each well and incubated for 15 min  at
37 ◦C. The stained cells were visualized under a ﬂuorescent
microscope (Olympus IX51, Tokyo, Japan).
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t showinFig. 1. Characterization of Ni NWs. (A) SEM image of Ni NWs, with inse
spectrum  of Ni NWs  for elemental analysis.
2.5. Apoptosis assay
Apoptosis  in HeLa cells was measured by the Annexin
V/Propidium Iodide (PI) Apoptosis Detection Kit (Bey-
otime). Brieﬂy, HeLa cells were exposed to different
concentrations of Ni NWs  in 6-well plates for 24 h.
After exposure, cells were trypsinized and centrifuged at
1000  rpm. The cell pellet was washed with PBS once and re-
suspended  in 100 L binding buffer, then incubated with
2  L annexin V-FITC for 10 min, which was followed by
staining with 2 L PI. Then, the samples were diluted with
400  L binding buffer and analyzed with a ﬂow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA). The differ-
ent  labeling patterns in the annexin V/PI analysis were
used  to identify the different cell populations where FITC-
negative and PI-negative cells were designated as viable
cells.  FITC-positive and PI-negative cells were identiﬁed
as  early-apoptotic cells. FITC-positive and PI-positive cells
were  identiﬁed as late-apoptotic cells. FITC-negative and
PI-positive cells were identiﬁed as necrotic cells. The data
analysis  was performed using BD FACS Diva software (Bec-
ton  Dickinson).
2.6.  Detection of ROS
The  intracellular ROS level was detected by DCFH-
DA (2′,7′-dichlorodihydroﬂuorescein diacetate) staining.
DCFH-DA can enter into cells as a ﬂuorescent probe and
be  deacetylated to form DCFH trapped in cells. DCFH is
non-ﬂuorescent unless oxidized by intracellular ROS to
transform DCF. The ﬂuorescence intensity of DCF can indi-
cate  intracellular ROS level. HeLa cells were ﬁrst exposed
to  Ni NWs  at different concentrations for 24 h. For ﬂu-
orescence microscope imaging, the cells were washed
three times with PBS and incubated with 10 mol/L DCFH-
DA  (Beyotime) for 20 min. After washing with DMEM
twice, the cells were observed with a ﬂuorescence micro-
scope  (Olympus IX51). For ﬂuorometric analysis, cells were
trypsinized and washed three times with PBS, then incu-
bated  with 10 mol/L DCFH-DA for 20 min. After washing
twice with DMEM,  the cells were analyzed by ﬂow cytom-
etry  (Becton Dickinson).g the percentages of Ni NWs  of different lengths. (B) Energy dispersive
2.7.  Cell cycle analysis
Cell  cycle analysis was carried out according to
instructions of the Cell Cycle and Apoptosis Analysis Kit
(Beyotime). Brieﬂy, after plating 1 × 106 cells on 6-well
plates for 24 h, cells were incubated with various con-
centrations of Ni NWs  for 24 h. Thereafter, cells were
trypsinized, washed with PBS and ﬁxed with 75% ethanol
overnight at 4 ◦C. The ﬁxed cells were washed with PBS and
incubated  with PI and RNase (700 U/ml) for 1 h. Measure-
ment was  carried out by using a ﬂow cytometer (Becton
Dickinson).
2.8.  Detection of mitochondrial membrane potential
(MMP) depolarization
MMP  was  determined using the mitochondrial perme-
ability dye JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-
imidacarbocyanine iodide). This dye reagent enters the
mitochondria, aggregates, and ﬂuoresces red. When the
mitochondrial membrane potential collapses, the dye
reagent can no longer accumulate within the mitochon-
dria and ﬂuoresces green. HeLa cells were cultured with
different concentrations of Ni NWs  in 6-well plates for 24 h
and  were rinsed with PBS twice, and stained with 5 mmol/L
JC-1  (Beyotime) for 30 min  at 37 ◦C. Then cells were rinsed
twice with ice-cold PBS, re-suspended in 200 L ice-cold
PBS, and instantly assessed for red and green ﬂuorescence
with ﬂow cytometry (Becton Dickinson).
2.9. Determination of Ni2+ Concentrations in culture
medium
For measurement of the Ni2+ release in culture medium,
the Ni NWs  were dispersed directly in DMEM at various
concentrations and incubation for 24 h at 37 ◦C. Ni NWs
were separated by centrifugation of NWs  suspensions for
30  min  at 12,000 × g. The supernatant containing the Ni2+
from NWs  was  analyzed by inductively coupled plasma
optical emission spectrometry (ICP-OES, Thermo Fisher
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.10. Statistical analysis
All  results were expressed as mean ± SD of three iden-
ical experiments, each done in three replicates. Statistical
igniﬁcance was determined by one-way analysis of vari-
nce  (ANOVA) followed by Dunnett’s multiple comparison
est. Signiﬁcance was ascribed at p < 0.05.
. Results
.1. Characterization of Ni NWs
Electrochemical deposition has been widely used to
repare metal NWs. Here Ni NWs  were prepared by elec-
rodeposition in the nanopores of AAO template. SEM was
sed  to observe the morphology of Ni NWs  liberated from
he  AAO template (Fig. 1A). The diameter of the fabricated
i  NWs  was about 50 nm,  and the average length of the Ni
Ws  was about 1 m.
The energy dispersive spectrum demonstrated the pres-
nce  of Ni, C and Cu (Fig. 1B). The percentages of elemental
eights of Ni, C, and Cu were 13.63, 64.59, and 21.73,
espectively. The presence of Cu and C signal was  from the
arbon-coated-copper grid. Therefore, the element com-
osition analysis indicated that the Ni NWs  were pure Ni
etal.
.2.  MTT  assay
MTT  assay was used to evaluate the relative cell prolifer-
tion (%) of HeLa cells treated with various concentrations
f Ni NWs  for 24 h. Ni NWs  inhibited the growth of HeLa
ells  in a dose-dependent manner (Fig. 2A). When the num-
er  ratio of Ni NWs  to cells was 1000:1, the cell viability
as about 90%. When the number ratio of Ni NWs  to cells
ncreased to 10,000:1, cell viability decreased to about 60%.
.3.  Cell apoptosis induced by Ni NWs
HeLa cells were exposed to Ni NWs  of increasing con-
entrations for 24 h, and cell apoptosis was analyzed by
nnexin  V/PI staining. A proportion of annexin V-stained
ells to the total Ni NWs-treated cells increased in a dose-
ependent manner (Fig. 2B and C). We  also examined
he nuclear morphologies of cells using the ﬂuorescent
NA-binding agent DAPI. Dying cells displayed typical
orphological features of apoptosis cells (Fig. 2D) at the
oncentration of 10,000 NWs  per cell, while control cells
ontains normal nucleus. The nucleus gradually became
ondensed and formed apoptotic bodies in Ni NWs-treated
eLa cells.
.4.  Intracellular ROS generation
After  HeLa cells were treated with various concentra-
ions of Ni NWs  for 24 h, intracellular ROS generation was
etermined by the ﬂuorescent probe DCFH-DA. Both ﬂuo-
escence  microscopy (Fig. 3A) and ﬂow cytometry (Fig. 3B)
ndicated  that the green ﬂuorescence intensity of DCF was
nhanced  in the Ni NWs-treated cells compared with thets 1 (2014) 114–121 117
control  cells. These results indicated that Ni NWs  induced
intracellular ROS generation in a dose-dependent manner.
3.5.  Cell cycle arrest assay
PI  staining and ﬂow cytometric analysis were used to
determine cell cycle distribution in the Ni NWs-treated
HeLa cells. Incubation of Ni NWs  at various concentrations
with HeLa cells for 24 h increased the percentages of sub-
G1  and S phase cells compared with the control cells (Fig. 4A
and  C). A statistically signiﬁcant difference between the
increments of sub-G1 populations among different concen-
trations  of Ni NWs  (p < 0.05) was  observed. These results
indicated that Ni NWs  induced cell apoptosis and cell cycle
arrest  at S phase.
3.6.  Depolarization of MMP
HeLa  cells were treated with different concentrations of
Ni  NWs  for 24 h. After staining with JC-1, the MMP  of cells
was  analyzed by ﬂow cytometry. The percentages of cells
with  green ﬂuorescence increased and the percentages of
cells  with red ﬂuorescence decreased in a concentration-
dependent manner (Fig. 4B and D), which demonstrated
the occurrence of depolarization of MMP.
3.7. Release of Ni2+ from NWs  in culture medium
The concentrations of Ni2+ released from Ni NWs  in
DMEM were measured. Ni NWs  were directly dispersed
in  DMEM at various concentrations. The dispersions were
maintained at 37 ◦C for 24 h to replicate the conditions in
the  cell cultures. The concentrations of Ni2+ were not sig-
niﬁcantly different from those in control cultures (Fig. 5).
The  Ni2+ in the control medium was from fetal calf serum.
With the concentration of Ni NWs  increased, the concen-
trations of Ni2+ slightly increased. This indicated that Ni2+
can be released from Ni NWs  in the culture medium, but
the  concentration of Ni2+ is very low.
4.  Discussion
Previous study indicated that length is a key factor for
cytotoxicity of ﬁber-shaped nanomaterials. The long ﬁber
was  more toxic than the short one [17]. In our study, the
average length of Ni NWs  was about 1 m (Fig. 1A). The
cytotoxicity of long Ni NWs  (∼20 m)  in THP-1 cells was
reported [18]. When the cell viability decreased to about
60%  after incubation for 24 h, the number ratio of Ni NWs  to
cells  was  10,000:1 (Fig. 2A) in our study, however the num-
ber  ratio of long NWs  to cell was just 100:1 in their study.
This  indicated that the cytotoxicity of short Ni NWs  in the
present  study was lower than that of long one. This cyto-
toxicity difference may  be because the length of Ni NWs
in  our study was  very short. These results implied that the
cytotoxicity of Ni NWs  was also length-dependent. Long Ni
NWs  was  more toxic than the short one. The mechanism
of cytotoxicity of long Ni NWs  (≥14 m)  may  be frustrated
phagocytosis [19], but the mechanism of short Ni NWs  was
not  fully clear.
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Fig. 2. MTT  assay and cell apoptosis induced by Ni NWs  in HeLa cells. (A) Cell viability assessed by using the MTT  assay. HeLa cells were incubated with
various  concentrations of Ni NWs  for 24 h. Following incubation, viability was assessed using MTT assay. Data are mean ± SD (n = 3). Signiﬁcance was
accepted  at p < 0.05. (B) Bar graph shows the percentages of annexin V positive cells. Data are mean ± SD (n = 3). (C) Flow cytometric analysis of HeLa cells
after  Ni NWs  treatment for 24 h. Cells were harvested and stained with annexin V-FITC/PI before analyzed by ﬂow cytometry. (D) Nuclear morphological
changes  of HeLa cells after treated with Ni NWs  at the concentration of 10,000 NWs  per cell. After 24 h treatment, cells were stained with DAPI and observed
under  ﬂuorescence microscope 400×. (a) Control. (b) Chromatin condensation. (c) Apoptotic bodies formation.
Fig. 3. Intracellular ROS generation in HeLa cells exposed to Ni NWs. (A) Fluorescence microscope (200×) of cells treated with various concentrations of
Ni  NWs  for 24 h. Cells were incubated with DCFH-DA and washed before observation. (B) Fluorescence intensity detected using ﬂow cytometry for HeLa
cells  treated with Ni NWs  at the concentration of 10,000 NWs  per cell for 24 h. Cells treated with 0.8 mmol/L H2O2 served as positive control.
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Fig. 4. Cell cycle distribution and MMP  changes after incubation with Ni NWs  for 24 h. (A) Flow cytometric analysis of cell cycle distribution of HeLa cells.
C  Flow cy




















mells  were incubated with various concentrations of Ni NWs  for 24 h. (B)
nd  stained with JC-1. (C) Bar graph of cell cycle distributions. Data are me
ata  are mean ± SD (n = 3).
Our study demonstrated that short Ni NWs  induced
eLa cell damage via the generation of ROS and the
nduction of apoptosis. Apoptosis is a normal physiologic
rocess and plays an important role in homeostasis and
evelopment of the tissue. During cell apoptotic process,
orphological changes including chromatin condensation,
NA fragmentation and apoptotic body formation can be
bserved  [20,21]. To investigate the manner of HeLa cell
eath,  staining with annexin V/PI and DAPI was carried out.
he  data from the annexin V/PI staining (Fig. 2B and C) indi-
ated  that the apoptotic cell populations were increased in
 dose-dependent manner. The ﬂuorescent images of cells
tained  with DAPI (Fig. 2D) indicated that the chromosome
ondensation and formation of apoptotic bodies in the Ni
Ws  treated-HeLa cells. These results revealed that apo-
tosis  is a major manner by which Ni NWs  induced cell
eath.The  production of ROS has long been regarded as a
echanism of nanoparticles-induced cytotoxicity [22–24].
he  induction of the ROS results in oxidative damage to
acromolecules such as proteins, DNA and lipids, ﬁnallytometry of cells treated with various concentrations of Ni NWs  for 24 h,
(n = 3). (D) Bar graph shows the percentages of cells with MMP  decreased.
leads  to the damage of different cellular organelles [25,26].
In  the present study, ROS signiﬁcantly increased in the Ni
NWs-treated HeLa cells (Fig. 3).
The cytotoxicity of Ni NWs  in human pancreatic ade-
nocarcinoma (Panc-1) cells has been reported [8]. Ni NWs
induce  ROS-mediated apoptosis in Panc-1 cells. In our
study  Ni NWs  can also induce ROS-mediated apoptosis in
HeLa  cells. These result means that apoptosis is a major
mechanism by which Ni NWs  induce cell death. When the
concentration of Ni NWs  was  low, cytotoxicity was sig-
niﬁcant in their study. However, when the concentration
of Ni NWs  was  high, cytotoxicity was  greater. This result
indicated that the cytotoxicity of Ni NWs  in their study
was  higher than our Ni NWs. This also suggested that the
cytotoxicity of Ni NWs  was  length-dependent because the
average  length of Ni NWs  was 6.5 m in their study. Both
their and our results showed that Ni NWs  trigger apoptosis
via  ROS generation, and we further investigated the func-
tion  of ROS in apoptosis induced by Ni NWs  in HeLa cells.
Oxidative stress is one of several mechanisms that
induce cell apoptosis [27,28]. ROS can induce cell apoptosis
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Fig. 5. Ni2+ release into cell culture medium. Various concentrations of
◦
[2] F. Johansson, M.  Jonsson, K. Alm, M.  Kanje, Cell guidance by magneticthe Ni NWs  were dispersed in DMEM-FBS and incubated for 24 h at 37 C.
The  dispersions were then centrifuged at 12,000 × g for 30 min, and the
Ni2+ concentrations in the supernatants were measured by ICP-OES.
through activation of cell cycle checkpoints and mito-
chondrial apoptotic pathway. Mitochondria are important
signaling centers during apoptosis. Cytochrome c exists
in  the mitochondrial intermembrane space. Cytochrome
c  release from mitochondria is a core event in the intrin-
sic  apoptotic pathway. When the mitochondrial membrane
potential was disrupted, cytochrome c can be released
from mitochondria into the cytoplasm. Cytochrome c par-
ticipates  in formation of the apoptosome and caspase-9
activation, and then activates the caspase cascade to induce
apoptosis [29]. In our study, Ni NWs  induced mitochon-
drial membrane potential disruption (Fig. 4B and D). There
were  statistically signiﬁcant differences among the effects
of  different concentrations of Ni NWs  (p < 0.05), which
indicated that the mitochondrial membrane potential sig-
niﬁcantly  collapsed. On the one hand, ROS production can
directly  damage mitochondria. On the other hand, ROS
might  promote opening of the mitochondrial permeability
transition pore through activating cell cycle checkpoints.
In the present study, an increase of the percentages of
HeLa  cells in sub-G1 and S phases (Fig. 4A and C) also
shows that cell cycle checkpoints are activated by oxida-
tive  stress so that the cell cycle is paused for DNA repair.
If  the DNA damage cannot be repaired, the ROS might
promote opening of the mitochondrial permeability tran-
sition  pore [30]. Consequently, the outer mitochondrial
membrane collapsed, thereby causing the loss of mito-
chondrial membrane potential. The loss of mitochondrial
membrane potential subsequently initiates the release of
apoptotic  factors, such as cytochrome c, and apoptosis-
inducing factors that promote progress of the apoptotic
cascade. These results suggested that ROS induce HeLa cell
apoptosis  through mitochondrial damage or activating cell
cycle  checkpoints. It also implied that Ni NWs  induced cell
apoptosis  through the mitochondrial pathway.
Ions that are released from the nanoparticles can con-
tribute to their cytotoxicity. The cytotoxicity of Ni2+ has
been  studied. It has been reported that Ni2+ can also induce
cell  apoptosis and DNA damage in T-lymphocyte cells [31].
In  addition, Ni2+ can result in oxidative stress in cells [32].
In  the present study, Ni2+ may  be released from Ni NWs
in  the cell and in the cell culture medium (Fig. 5). The ion-
releasing properties of the nanoparticles were dependentts 1 (2014) 114–121
on  the solubility of the nanoparticles. With the same com-
position, the solubility of small nanoparticles was higher
than  that of large ones, so the release of ions should be
larger for small nanoparticles [33]. The release of Ni2+ ions
from  short Ni NWs  should be larger than from long ones.
These  results mean that the cytotoxicity of short Ni NWs
should greater than that of long ones. However the long Ni
NWs  were more toxic than the short ones. This suggested
that the concentration of Ni2+ that was  released from Ni
NWs  in the cell or in the cell culture media was very low,
and  it was  insufﬁcient to produce signiﬁcant cytotoxicity.
In  conclusion, our study suggested that the cytotoxicity
of Ni NWs  was  length-dependent. Long Ni NWs  were more
toxic  than short ones. The cytotoxicity of short Ni NWs  in
HeLa  cells was dose-dependent. Ni NWs  exhibit multiple
anti-proliferative effects, including cell growth inhibition,
ROS  generation, cell cycle arrest, and cell apoptosis. Over-
all,  our data demonstrated that Ni NWs  induce apoptosis in
HeLa  cells through ROS generation and suggested that ROS
induce  HeLa cell apoptosis through mitochondrial damage
or  activation of cell cycle checkpoints. Further studies are
needed  to investigate the role of ROS in signaling path-
ways of apoptosis in response to exposure to Ni NWs. This
work  warrants careful assessment of Ni NWs  before their
application.
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